We revisit a singlet Majoron model in which neutrino masses arise from the spontaneous violation of lepton number. If the Majoron obtains a mass of order MeV, it can play the role of dark matter. We discuss constraints on the couplings of the massive Majoron with masses of order MeV to neutrinos from supernova data. In the dense supernova core, Majoron-emitting neutrino annihilations are allowed and can change the signal of a supernova. Based on the observation of SN1987A, we exclude a large range of couplings from the luminosity and the deleptonization arguments, taking the effect of the background medium into account. If the Majoron mass does not exceed the Q-value of the experiment, the neutrino-Majoron couplings allow for neutrinoless double beta decay with Majoron emission. We derive constraints on the couplings for a Majoron mass of order MeV based on the phase space suppression and the diminishing signal-to-background ratio due to the Majoron mass. The combination of constraints from astrophysics and laboratory experiments excludes a large range of neutrino-Majoron couplings in the mass range of intererest for Majoron dark matter.
Introduction
The observation of neutrino oscillations [1] [2] [3] gives evidence to at least two non-vanishing neutrino masses much smaller than the masses of the other standard model (SM) particles. As the SM still lacks an explanation for neutrino masses and their smallness, a large variety of neutrino mass generating mechanisms has been explored over the past years with the most popular one being the seesaw mechanism [4] . In the seesaw mechanism, heavy righthanded neutrinos suppress the masses of the left-handed neutrinos and thus offer a natural explanation for the smallness of the neutrino mass. This mechanism requires neutrinos to be Majorana particles and consequently leads to a violation of baryon-lepton number U (1) B−L by two units. Assuming that U (1) B−L is a global symmetry and that the symmetry breaking occurs spontaneously, a massless Goldstone boson, called the Majoron, will be generated [5] [6] [7] [8] . Models with massless (or very light) Majorons have been studied extensively in the literature, where the Majoron was originally either part of a singlet [5] , doublet or triplet [7, 8] . However, the last two options are ruled out due to contributions to the invisible Z-width via decays of the Z boson to the Majoron and its scalar partner, equivalent to one-half or two extra neutrino species [9] . Currently, a major part of research in particle physics is dedicated to the ongoing search for a dark matter (DM) particle. The Majoron as a DM particle has already been discussed in [10, 11] and as the search for DM continues to be unsuccessful, the interest in Majoron models is recently reviving. An appealing feature of Majoron models with respect to DM is the suppression of the couplings of the Majoron to SM fermions by the seesaw-scale, rendering it stable on cosmological time scales. If the Majoron acquires a mass and becomes a pseudo-Goldstone boson, it will be a viable DM candidate [12] . Constraints on the couplings of the Majoron to neutrinos can be derived from astrophysics as well as from laboratory experiments. Firstly, the Majoron can have a significant impact on the process of explosion and cooling of a supernova (SN). Secondly, constraints can be derived from laboratory experiments searching for neutrinoless double beta decay with Majoron emission. While the constraints for the case of a massless Majoron have been discussed in great detail (see for example [9, [13] [14] [15] [16] and references therein), models including a massive Majoron have rarely been considered. 1 This is especially problematic since the constraints from SN data and neutrinoless double beta decay are effective for Majoron masses of order MeV, the mass range of interest for Majoron DM. In this work, we aim to perform a dedicated analysis of the constraints on the neutrino-Majoron couplings from SN data and neutrinoless double beta decay with regard to Majoron DM. This paper is organized as follows. In Sec. 2, we discuss neutrino-Majoron interactions in vacuum and in matter. In Sec. 3, we briefly discuss a mechanism to generate a Majoron mass and the possibility of Majoron DM. In Sec. 4 and 5, we derive bounds on the neutrino-Majoron couplings from SN data and neutrinoless double beta decay with Majoron emission which we compare in Sec. 6. We conclude in Sec. 7.
Majoron Interactions
The Lagrangian coupling neutrinos to the Majoron can be in general written as
where in vacuum, the Majoron couples diagonally to the neutrino mass eigenstates, i.e. g ij = δ ij g i . In the presence of a background medium, the neutrino-Majoron interactions are modified, which will be discussed in the following.
In general, when propagating in a medium, flavor neutrinos interact with the background medium coherently via charged-current (CC) and neutral-current (NC) interactions. This gives rise to effective potentials that shift the energy of the neutrinos and therefore change the evolution equation. An example for a medium where the neutrino interactions with matter have to be taken into account is the core of a SN. The corresponding effective potentials are given by
3)
where n B is the baryon density, G F is the Fermi coupling constant, and the particle number fraction Y i is defined as
The background medium in a SN core consists mostly of electrons e, protons p and neutrons n. Therefore, electron neutrinos ν e can have CC and NC interactions with the background medium and their effective potential is given by
5)
where h = ±1 is the helicity of the respective neutrino. Myon and tau neutrinos ν µ,τ can only have NC interactions and their effective potential is consequently given by
The Hamiltonian describing the neutrino evolution has to be extended by a term that takes the flavor-dependent energy shift in matter into account. Therefore, the mass eigenstates |ν i will no longer be eigenstates in matter and it will be necessary to introduce a third type of eigenstate, the medium eigenstate |ν i . As shown in App. A.1, in dense media, the medium eigenstate |ν i can be approximated as the weak state |ν α with medium energy eigenvalues
and non-diagonal neutrino-Majoron couplings in medium
Thus, in medium, the Majoron couples effectively to the neutrino flavour eigenstates.
Majoron Dark Matter
In this section, a mechanism to generate a non-vanishing Majoron mass is discussed. We stress that the constraints on the neutrino-Majoron couplings derived in 4 and 5 do not depend on the mass-generating mechanism and other possibilities exist, see for example [20] . A Majoron mass can be generated by explicitly breaking the global U (1) B−L symmetry via a radiatively induced term [12, 20] ,
After spontaneous symmetry breaking at the seesaw-scale f and electroweak symmetry breaking at the scale v, a Majoron mass m J is generated via
where the mass of the Majoron is directly proportional to the VEV of the Higgs, m 2 J = λ h v 2 . In order for the Majoron to account for DM, the Majoron relic density Ω J has to coincide with the DM relic density. For simplicity, the only Majoron production mechanism considered in the following discussion is the Higgs decay h → JJ. 2 The corresponding decay rate is given by [20] 
and depends only on m J . There exist two well-known production mechanisms for DM, known as the freeze-out and the freeze-in mechanisms. The scenario of the freeze-out mechanism (for details, see [20, 21] ) is ruled out in the mass range of interest by constraints from direct detection or h → invisible, as shown in shown in [22] . However, the freeze-in mechanism is capable of producing the correct Majoron relic density, as we will discuss in the following.
In the freeze-in mechanism [21] , the initial abundance of the DM particle is negligible with respect to those of the SM particles after reheating. The DM particle is produced via the decay of a heavier particle X. If the decay rate is small enough, it will never thermalize. As the temperature reaches T ≈ m X , the DM density reaches a plateau due to the Boltzmann suppression of the heavy particle. An interesting feature of the freeze-in mechanism is that the relic abundance of DM increases with the coupling to the heavy particle. In the freeze-in scenario, the Majoron relic density is given by [12, 21] Ω J h 2 ≈ 2 1.09 × 10 27 Note that in our discussion, we assumed the Majoron to be the only DM particle. If other DM particles exist, the Majoron has to account only for a fraction of the DM relic density, translating to m J 2.8 MeV, i.e. (3.5) is an upper bound on the Majoron mass.
Assuming that the only tree-level couplings of the Majoron are the ones involving neutrinos, it has been shown in [12] that the lifetime of a Majoron with mass m J ≈ 1MeV can easily exceed the age of the universe, thus the massive Majoron is a viable DM candidate.
Supernova Core-Collapse with Majorons
In this section, constraints on the neutrino-Majoron couplings g αβ for a Majoron mass range 0.1 MeV m J 1 GeV are derived based on SN data. For simplicity, we assume that only one neutrino-Majoron coupling constant g αβ is non-zero. In the following, the inner core radius is approximated to be R C ≈ 10 km with a temperature of T ≈ 30 MeV. The abundance of electron neutrinos in a SN core is extremely high, thus they have a chemical potential of µ νe ≈ 200 MeV, while the chemical potential of the electron antineutrinos is given by µν e ≈ −200 MeV. In first approximation, the chemical potentials of [23] . In the core, the effective potentials are of order
There are three different constraints on the neutrino-Majoron couplings g αβ from SN data to be examined in the following. Our approaches concerning the '"luminosity constraint" and the "trapping constraint" in Sec. 4.1 and Sec. 4.3, respectively, follow [17] , with the difference of explicitly including the contribution of the effective potentials in 4.1. A different approach to obtain the "deleptonization constraint" is presented in Sec. 4.2.
Constraints from Majoron Luminosity
The predicted amount of binding energy released in a SN explosion is compatible with the neutrino signal measured from SN1987A [24] [25] [26] [27] [28] . Consequently, introducing an additional particle, in this case the Majoron, must not alter the signal significantly to be in agreement with experiment. Therefore, the impact of the process
ν → J has to be considered, as it can lead to an additional energy depletion that changes the neutrino signal. Constraints on the neutrino-Majoron couplings g αβ are derived under the terms that the Majoron luminosity does not exceed the total neutrino luminosity within one second after the explosion, L J ≈ 5 × 10 52 erg/s. The luminosity of the inverse Majoron decay νν → J is given by
The decay factor
takes into account that the Majoron can decay back to neutrinos inside the core which would prevent an exotic energy depletion. Taking the effective potentials into account, the decay width is given by
For m J ≥ 1 keV, the contribution of the effective potentials can be neglected. 3 Therefore, the decay width reduces to
The energy emission rate [17, 29, 30] for the process
where the symmetry factor F S = 1 1+δ αβ takes identical particles in the initial state into account and the Fermi-Dirac distribution f α is approximated as a Maxwell-Boltzmann distribution,
We find Q → 0 as m J T , which is expected since the Majoron production is suppressed by e − m J T and thus extremely ineffective for Majoron masses m J T . The only free parameters in (4.7) are m J and g αβ , thus we evaluate bounds on |g αβ | for Majoron masses 0.1 MeV < m J < 1 GeV, demanding L J < 5 × 10 52 erg/s. For a rough approximation, (4.1) and (4.2) are used. The constraints are shown in Fig. 1 , where the colored regions are excluded. A large range of couplings |g ee | and |g eα | , (α = µ, τ ) is excluded, while the constraints on |g αα | are comparably weak. This can be traced back to the high abundance of electron neutrinos and the low abundance of muon and tau neutrinos, resulting in neutrino flavor dependent Majoron luminosities as
MeV, the mass of interest regarding Majoron DM produced via freeze-in, constraints on |g ee | and |g eα | , (α = µ, τ ) are derived, while |g αα | is not constrained at this certain Majoron mass. We stress that the constraints suffer from very poor experimental data from SN1987A. As discussed in [17] , the detection of a future SN at a distance of order 1 kpc could reinforce the constraints on g αβ and would allow to probe couplings |g αβ | up to 10 −13 .
Deleptonization Constraints
The strength of the SN bounce shock depends on the trapped lepton fraction during the infall stage, Y L = Y e + Y νe , which has to be larger than Y Bounce L ≈ 0.375 at the time of the core bounce in order to allow for a successful explosion [31] [32] [33] . The inverse Majoron decay ν e ν α → J changes ∆L e by one (α = e) or two (α = e) units and if the neutrino-Majoron coupling is too large, it could prevent a successful explosion. The deleptonization rate for the ∆L e = 2 process ν e ν e → J can be calculated in terms of the Boltzmann equation [34] Ẏ
where the factor of 2 takes into account that the process violates electron lepton number by two units and γ eq is the thermal rate, given by
which differs from (4.7) only by a factor of E J . We suppose ν e ν e → J is the only process violating electron lepton number, thus n BẎL =ṅ νe . Additionally, the number density of the Majoron is neglected and neutrinos are taken to be in thermal equilibrium. The number density of electron antineutrinos is small compared to the number density of electron neutrinos. Therefore, the impact of the processν eνe → J has been neglected. We solve the differential equation numerically, with the initial condition Y Infall L (10 12 g/cm 3 ) ≈ 0.4 at the time when neutrinos become trapped. Constraints on |g ee | for the Majoron mass range of interest are derived under the condition Y Bounce L (3 × 10 14 g/cm 3 ) ≥ 0.375 at the time of the core bounce [35] . The constraints are visualized in Fig. 1 , where the colored regions are excluded. The deleptonization constraints for |g ee | are less stringent than the luminosity constraints on |g ee | and do not exclude an additional range of couplings. At m J ≤ 100 MeV, a small range of couplings |g ee | is not excluded due to the deleptonization constraints, however, the luminosity constraints on |g ee | are still valid in this region. On the other hand, using the same method as above, no deleptonization constraints for |g eα | , (α = µ, τ ) could be derived. Firstly, the abundance of non-electron neutrinos during infall stage is much lower than the abundance of electron neutrinos and, secondly, the process ν e ν α → J violates electron lepton number only by one unit. Consequently, the deleptonization constraints for |g eα | are expected to be significantly less stringent compared to the constraints for |g ee |. We want to stress the strong dependence of the deleptonization constraints on the explosion mechanism, which is not yet well understood, and the numerical modulation. Moreover, the density profiles used in this section are taken from SN simulations without Majoron processes, thus including the Majoron in SN simulations could improve the deleptonization constraints.
Majoron Trapping
So far, it was assumed that the Majorons produced via
ν β → J either freely leave the core or decay back to neutrinos. However, if the coupling between neutrinos and the Majoron is too large, neutrino-Majoron scattering
ν J can lead to trapping of the Majoron in the core. This has two effects. First of all, trapped Majorons do not lead to an additional energy depletion to be measured on earth. 4 Secondly, if there is a considerable amount of Majorons in the core, the SN dynamics might change drastically, thus our model would not be valid anymore. Therefore, it is reasonable to assume that the constraints only hold if Majorons do not become trapped. The thermal average of the inverse mean free path is given by [17] 
where [29] 
For a rough approximation, the influence of the effective potentials ia neglected, i.e. the result is a slight underestimation of the mean free path. However, as p V αβ , we assume that the discrepancy is marginal. Moreover, the Majoron distribution function is approximated as the convolution of two neutrino distribution functions, We evaluate constraints on |g αβ | for 0.1 MeV m J 1 GeV from (4.10) under the condition that Majorons are not trapped, i.e.l J > R C . The constraints for |g αβ | are shown in Fig. 1 , where the regions above the lines lead to trapping of Majorons. The trapping regions do not intersect the luminosity constraints, i.e. trapping has no impact on our constraints. Note that the "trapping constraint" is rather a bound on the validity of our discussion than an actual constraint on the neutrino-Majoron couplings |g αβ |.
The combined constraints from SN data, shown in Fig. 1 , exclude a large region of parameter space. For the neutrino-Majoron couplings |g ee | and |g eα | , (α = µ, τ ), a range is excluded in which the Majoron could act as DM, i.e. where m J ≈ 2.8 MeV. The constraints involving non-electron neutrinos are less extended since their abundance in the SN core is significantly smaller than the abundance of electron neutrinos. Since an increasing neutrino-Majoron coupling results in a higher Majoron luminosity, one would expect all neutrino-Majoron couplings larger than the respective lower bound of the constraints to be excluded. However, our results show that upper bounds on the constraints exist, i.e. larger values of coupling constants are not excluded due to SN data. This can be traced back to the the decay factor D in the calculation of the deleptonization and luminosity constraints: If the neutrino-Majoron coupling is too large, the Majoron decays back to neutrinos before it leaves the core and no exotic energy depletion occurs. The deleptonization constraints are comparably weak and suffer from the not well understood explosion process. However, including the Majoron in SN simulations could improve the deleptonization constraints. As discussed above and in [17] , the luminosity constraints could allow to exclude a region up to |g| ≈ 10 −13 in the case of the observation of a future nearby SN. The luminosity constraints are discussed in more detail in Sec. 6. In [17] , the impact of the effective potentials is neglected. For m J ≥ 1 keV, their impact on the constraints is marginal, i.e. our constraints hardly differ from those presented in [17] . However, for m J ≤ 1 keV, the decay width dependssignificantly on the effective potentials, which should be included in the constraints presented [17] . For completeness, note that in the case of a massless Majoron, the neutrino decay ν →νJ is kinematically allowed, i.e. the contribution of this process should be included in the calculation of the luminosity and the deleptonization constraints. Therefore, our constraints are only valid for the massive Majoron and in the limit m J → 0, they do not need to be compatible with constraints on the couplings of a massless Majoron to neutrinos, as caluculated for example in [13] [14] [15] .
Neutrinoless Double Beta Decay with Majoron Emission
Double Beta Decay [36] [37] [38] [39] [40] [41] [42] is a rare nuclear process. It has half-lifes of order 10 20 years or longer and can occur if a single beta decay of the parent nucleus is either energetically forbidden or strongly suppressed due to a large difference in angular momentum. The decay mode first discussed [43] is the two-neutrino double beta decay (2νββ)
which can be seen as two successive beta decays via virtual intermediate states, where the ordering number Z changes by two units and the atomic mass A remains the same. It is allowed in the SM, independently of the nature of the neutrinos, and is of second order Fermi theory. Another mode is the neutrinoless double beta decay (0νββ) [44] (Z, A) → (Z + 2, A) + 2e − , (5.2) which violates lepton number by two units and is thus forbidden in the SM. This decay can only occur if the neutrino is a Majorana particle. Moreover, in order to allow for the helicity matching, the neutrino has to be massive.
In the presence of neutrino-Majoron couplings, another possible 0νββ-mode is the neutrinoless double beta decay with Majoron emission, 0νββJ [8] ,
This mode has been discussed for the case of the massless Majoron (see for example [9, 16, 45] ). The case of the massive Majoron has so far only been discussed in [19] for the massive vector Majoron and recently in [18] for the singlet Majoron model.
Constraints from 0νββJ
In this section, constraints on the effective neutrino-Majoron coupling |g ee | are derived, based on the non-observation of 0νββJ. Our analysis follows closely the approach of [18] , where constraints on |g ee | for the massive Majoron are derived from limits on |g ee | for the massless Majoron by taking into account the effect of the mass on the phase space and the signal-toroot-background ratio.
Since the Q-value of the nucleus determines the Majoron mass which can be probed, data from experiments with high Q-values are preferred. The highest Q-value comes from NEMO-3 using 48 Ca [46] , however, stronger constraints come from NEMO-3 using 100 Mo [47] and 150 Nd [48] as from EXO-200 using 136 Xe [49] . 5 Data from experiments using isotopes such as 76 Ge [51, 52] and 82 Se [53] are not included in the analysis since they provide comparably weak limits and small Q-values. The measured Q-values and the limits on |g ee | for the massless Majoron can be found in Tab. 1. The decay rate for 0νββJ is given by [40] 
where g ee is the effective coupling constant of the Majoron to neutrinos,
The phase space integral is given by [37] ,
In [18] , instead of data from EXO-200, data from KamLAND-Zen using 136 Xe [50] was included in the analysis. Moreover, in [18] , data from NEMO-3 using 48 Ca [46] was not part of the analysis.
where p J ( J ) is the momentum (energy) of the emitted Majoron, E i and E f are the energies of the initial and final state nucleus, respectively, and 1,2 (p 1,2 ) are the energies (momenta) of the electrons and ν 1,2 are the energies of the neutrinos in the final state. The Fermi function F (Z, i ) takes into account the effect of the Coulomb field of the daughter nucleus (Z, A) on the wave functions of the emitted electrons. Using Q := E i − E f − 2m e and the Primakov-Rosen approximation of the Fermi function [40, 54] ,
the electron sum spectrum can be written as
where T = 1 + 2 − 2m e is the sum of the kinetic energies of the electrons in the final state. The decay rate for 2νββ can be written as [40] Γ 2ν = G 2ν (Q, Z)|M 2ν | 2 , (5.9) and the respective electron sum spectrum is given by
(5.10)
Phase Space Suppression
The phase space G J (m J ) in Eq. (5.8) can be written as
Due to the Majoron mass, the phase space decreases, and the phase space suppression is calculated as G(m J ) G(0) [18] . The normalized ratio G(m J ) G(0) is plotted in Fig. 2 . We find G J (m J ) → 0 as m J → Q, thus the decay width is significantly reduced compared to the case of a massless Majoron, resulting in weaker limits on |g ee (m J )|.
Signal-to-Root-Background Ratio
Next, the decrease of the signal-to-root-background ratio is considered, where 0νββJ is the signal and 2νββ is the background. The 100 Mo electron sum spectra are plotted in Fig. 3 for various values of m J . Note that the normalizations of 2νββ and 0νββJ(m J = 0) are arbitrary while the 0νββJ(m J = 0) distributions are normalized with respect to 0νββJ(m J = 0). 6 With increasing Majoron mass, the relative amplitude and the maximal summed electron energy T max decrease, shifting the spectrum of 0νββJ(m J = 0) to the left with respect to the spectrum of 0νββJ(m J = 0). Consequently, the overlap with the irreducible SM-2νββ spectrum increases, resulting in a smaller signal (0νββJ) to background (2νββ) ratio. For a proper analysis, experiment-dependent sources of background should be incorporated in the analysis. However, as a rough approximation, following [18] , it is assumed that the impact of the Majoron mass on the spectrum can be taken into account by calculating max[s] √ b , which is normalized with respect to max[s] √ b (m J = 0). As can be seen in 4, the signal-to-root-background ratio max[s] √ b decreases significantly with increasing Majoron mass. Figure 4 : Signal-to-root-background ratio as a function of m J .
Half-life Limit
The decreasing signal-to-root-background ratio s √ b deteriorates the limit on the half life T1
Accordingly, the bound on the effective coupling |g ee | of electron neutrinos to the Majoron can be obtained from
where
Here we assumed the nuclear matrix element M J does not depend on m J . The constraints on |g ee | for the kinematically allowed Majoron mass range are plotted in Fig. 5 . We stress that in contrast to Fig. (1) , the regions above the bands are excluded in Fig. 5 by the respective experiment. The widths of the bands represent the uncertainties on |g ee (0)| placed by the collaborations. Therefore, for m J ≈ O(1 MeV), a large range of neutrino-Majoron couplings |g ee | is excluded. Our approach allows us to derive constraints on |g ee | for the Majoron mass m J ≈ 2.8 MeV from the constraints on |g ee (0)| provided by the collaborations using 48 Ca and 150 Nd, i.e. 0νββJ provides constraints on the Majoron playing the role of DM. We explored the detoriation of the limits based on the decrease of max[s] √ b , using only 2νββ as background. For m J > 0, additional sources of background, depending on the respective experiment, should be included, thus we assume to undervalue the uncertainties at m J > 0. 
Comparison of the Constraints
In Fig. 6 , the constraints on |g ee | derived in Sec. 4.1 from the SN luminosity argument are compared to the 0νββJ-constraint, discussed in Sec. 5. The colored regions are experimentally excluded. For illustrative reasons, only the constraints on |g ee | from NEMO-3 using 48 Ca [46] (Fig. 6a ) and from EXO-200 using 136 Xe [49] (Fig. 6b ) are shown. The width of the lighter colored band represents the uncertainties on |g ee (0)| placed by NEMO-3 [46] and EXO-200 [49] , respectively. Since 0νββJ allows to derive constraints only on |g ee |, we do not show the luminosity or trapping constraints on |g eα | , (α = µ, τ ) and |g αα | , (α = µ, τ ). Moreover, the deleptonization constraints on |g ee | are not shown since they do not improve upon the luminosity constraints on |g ee |. The vertical line corresponds to m J = 2.8 MeV, i.e. the mass where the Majoron can account for DM. The combination of constraints from SN data and 0νββJ data from NEMO-3 [46] excludes a large range of neutrino-Majoron couplings |g ee | for 0.1 MeV m J 5 MeV and therefore, the constraints are also viable for m J ≈ O(1 MeV), i.e. they provide constraints on Majoron DM produced via freeze-in considered in this work. Note that the value is an approximation and an upper bound, assuming the Majoron is the only DM particle. Moreover, other mechanisms to generate a DM relic denstiy with Majorons exist. Data from EXO-200 using 136 Xe [49] provides the strongest constraints regarding 0νββJ. Therefore, in the case of a massive Majoron, 0νββJ data excludes Majoron trapping up to a Majoron mass of m J ≈ 0.3 MeV. The 0νββJ half-life limit T1 2 depends on the sensitivity of the double beta decay experiment, which is expected to be increased in future experiments. Non-observation of 0νββJ and the sensitivity improvement in the future would translate to increasing half-life limits. Therefore, future 0νββJ experiments could probe smaller couplings |g ee |, leading to more stringent limits. It will be particularly interesting if the sensitivity of future 0νββJ experiments would allow to close the gap between the luminosity constraints on |g ee |. Moreover, we only gave a crude estimate on the varying signal-to-root-background ratio for a massive Majoron. An analysis of the effect of a massive Majoron on the signal-to-root-background ratio performed by the respective collaborations could significantly improve the constraints on |g ee |. Our calculation of the luminosity constraints relies on the poor experimental data from SN1987A. The detection of a future SN at a distance of order of 1 kpc would lead to a significant improvement. In [17] , the estimated numbers of detected neutrino events in the Super-Kamiokande and IceCube experiments are 10 5 and 10 8 , respectively, which would allow to probe couplings |g αβ | down to 10 −13 . Consequently, a detected future SN and improved 0νββJ experiments could exclude neutrino-Majoron couplings |g ee | up to 10 −13 for m J ≈ O(1 MeV), the mass range of interest for Majoron DM. 
Conclusion
In this work, we considered a singlet Majoron model, where a pseudo-Goldstone boson, the Majoron, arises at the seesaw-scale due to spontaneous violation of baryon-lepton number U (1) B−L . The couplings of the Majoron to the SM fermions are highly suppressed, rendering it stable on cosmological time scales and thus allowing the Majoron to be a DM candidate.
If the Majoron has a mass m J ≈ 2.8 MeV, the observed DM relic density can be produced by means of the Majoron via the freeze-in mechanism. In this work, constraints on neutrino-Majoron couplings for a Majoron with m J ≈ O(1 MeV) from SN data and neutrinoless double beta decay have been discussed. Neutrinos play an important role in the dynamics of SN explosions, allowing us to derive two bounds on neutrino-Majoron couplings from SN cooling. First, the energy loss of the SN core due to the Majoron emission has to be small compared to the energy emission by neutrinos in order to explain the neutrino signal observed from SN1987A. Second, a large depletion of electron lepton number during infall stage can prevent a successful explosion. For a m J ≈ 0.1 MeV − 1 GeV, a large region of neutrino-Majoron couplings is excluded (see Fig. 1 ). Additionally, we find that Majoron trapping does not affect our constraints. We stress that including the Majoron in SN simulations or the observation of a nearby SN explosion could improve or reinforce our constraints. Moreover the couplings of neutrinos to the Majoron can allow for neutrinoless double beta decay with Majoron emission. If kinematically allowed, i.e. m J < Q, the non-observation of 0νββJ translates to constraints on |g ee | (see Fig. 5 ). The analysis was based on the depletion of the phase space factor G(m J ) and the reduction of the signal-to-root background ratio, s √ b , due to the Majoron mass m J . We stress that we did not properly include the background for m J > 0 and urge the collaborations to explore the limits on the massive Majoron model in more detail. Future 0νββJ experiments with an improved sensitivity could exclude larger regions of neutrino-Majoron couplings and would therefore strengthen the constraints on the Majoron model. If the increasing sensitivity would allow to close the gap between 0νββJ constraints and SN constraints, the electron neutrino-Majoron would be strongly constrained, |g ee | 10 −11 for m J ≈ O(1 MeV). If a neutrino signal of a future galactic SN would be observed, even stronger limits could be obtained, |g ee | 10 −13 for m J ≈ O(1 MeV). To summarize, the constraints from SN cooling and neutrinoless double beta decay with Majoron emission exclude a large space of couplings of the Majoron with a mass m J ≈ O(1 MeV) to neutrinos, i.e. the mass range of interest for the Majoron to account for DM in a simple freeze-in mechanism.
where H 0 is the vacuum Hamiltonian obeying with medium energy eigenvalues
(A.10)
Therefore, the weak states can be approximated as the medium eigenstates 7 ,
In order to discuss the impact of a background medium on the neutrino-Majoron couplings, the Hamiltonian (A.1) is extended by a term
which takes the neutrino-Majoron interactions into account. In vacuum, the Majoron coupling to the mass eigenstates is diagonal, i.e. g ij = g ij δ ij . Inserting (A.5) yields the non-diagonal coupling matrix in the medium basis
Thus, in medium, the Majoron couples to the neutrino flavour eigenstates.
